Holliday structures are formed and resolved by FLP protein during site-specific recombination. These structures have been isolated and are visualized in both native and partially denatured states by electron microscopy. No single-strand breaks are found within the junction, indicating that the structure results from a reciprocal exchange of strands. These structures have properties consistent with being reaction intermediates. Double-strand cleavage products and "Y structures" are also detected and appear to be by-products of the reaction. The Y structures are three-armed branched molecules with a covalently closed junction located at the FLP recombination target site. Models are discussed, suggesting that both of these novel structures are made by aberrant cleavages during formation and resolution of the Holliday intermediate.
Site-specific recombination systems appear to fall into at least two classes. One of these is referred to as the integrase family, which includes the FLP protein of the Saccharomyces cerevisiae 2,um plasmid, the lambda Int protein, and the Cre protein of bacteriophage P1 (2) . The proteins, the reaction mechanisms, and the respective recombination target sites exhibit a number of important similarities. Each recombination site consists of a DNA spacer (also called a crossover or overlap sequence) flanked by two inverted repeats that serve as binding sites for the recombinase. The spacers are either 7 base pairs (bp) for Int (27) or 8 bp for Cre and FLP (16, 20) . In each case, homology is required between the spacers of recombining partners, suggesting that DNA:DNA pairing in this region is important during at least one stage of the reaction (3, 19, 37, 38) . The three recombinases make staggered cuts at or near the boundaries of the spacer and become covalently attached to the DNA via transient 3' phosphotyrosine linkages (10, 15, 18, 36, 38) . The Int protein is the only one of the three which requires accessory proteins (1, 31, 34, 42) .
Two general pathways for strand exchange in these systems have been suggested. The first, called cohesive-end formation (33) , requires concerted double-strand cleavage of both recombination sites followed by annealing of the resulting sticky ends and ligation of recombinant strands. The second, called the sequential model, requires single-strand cleavage, such that one strand of each recombinant partner is cleaved and exchanged to form a Holliday intermediate (21) . This intermediate or chi structure would be resolved by a second cleavage, exchange, and ligation of opposing strands. Both mechanisms require homologous spacers, either for the annealing of sticky ends in the cohesive-end model or for branch migration within a Holliday intermediate. Determination of the correct mechanism has been complicated by a large body of experimental observations used to support either or both models.
Data consistent with both models comes from genetic studies. Low frequencies of recombinase-dependent gene conversion events occurring outside the Int recognition site (attP), the FLP recognition site (FRT), or the Cre recogni-* Corresponding author. tion site (loxP) have been interpreted both as support for a Holliday mechanism (12, 41) or as evidence against such a mechanism (11, 30) .
The primary evidence supporting cohesive-end formation is the appearance of double-strand cleavage products (DSCPs) in vitro (4, 25) and in vivo (24) and an apparent absence of stable Holliday structures in normal reactions, i.e., reactions involving wild-type recombinases and their respective wild-type recombination sites.
However, these observations contrast with a growing body of evidence in support of a Holliday mechanism. Chi structures, associated with 2,um circle yeast cells during meiosis, were mapped approximately to the two 599-bp repeats which contain the FRT sites (5) . These chi structures could have been generated either by FLP protein or by the meiotic recombination system of the cell. For the Cre system, several mutant Cre proteins produce chi structures that are resolved to products by wild-type Cre protein (17) . For the Int system, for which the greatest body of information has been obtained, synthetic att-site Holliday structures are cleaved efficiently by Int protein (22) . It has now been demonstrated that recombination proceeds via two sequential and ordered sets of cleavage and religation events, forming a chi structure as an intermediate. This has been shown (i) by the use of suicide substrates to block the resolution of Holliday intermediates (35); (ii) by placing a thiophosphate at alternative sites of cleavage, thereby preventing either the formation or the resolution of the Holliday intermediate (26) ; and (iii) by comparing the effects of mismatches at different positions within the spacer (26, 35) .
The FLP protein has been expressed in E. coli cells and purified to near homogeneity (9, 14, 31, 45) . For the in vitro recombination reaction, FLP protein requires only a suitable buffer and ionic strength (32) . In vivo, the 2,um plasmid is supercoiled, with FRT sites in inverted orientation. However, FLP protein will promote DNA inversion, insertion, or deletion reactions in vitro, depending on the location and orientation of FRT sites on the substrates used. Both linear and supercoiled DNA substrates are recombined (32, 45) . High-energy cofactors and divalent cations are not required (32, 45) . The stability of FLP protein is improved by the addition of bovine serum albumin (BSA) and glycerol to reaction mixtures. Intermolecular recombination is enhanced by the addition of polyethylene glycol (PEG). FLP protein catalyzes recombination with a relatively low turnover number (13a) .
As stated above, the recombination site used by the FLP system, designated FRT for FLP recombination target (46) , consists of an 8-bp asymmetric spacer separating 13-bp inverted repeats. FLP protein binds to the repeats but does not directly contact the 6 internal bp of the spacer (7). The spacer sequence can be altered significantly and yet still recombine. However, recombination efficiency is reduced when the spacers of two reacting FRT sites contain mismatches (38, 39) . FRT sites containing an asymmetric, wild-type spacer can react to form products only when aligned in parallel orientation, so that the entire spacer of the FRT site is in homologous alignment. Two sites with symmetric spacer sequences can be aligned in either parallel or antiparallel orientation. This indicates that directionality in the wild-type reaction is mediated by spacer asymmetry (39) . A site with a symmetric spacer (pJFS39) is approximately as reactive as the wild-type FRT. The flexibility of the spacer sequence is limited, however. A set of spacer mutations has recently been defined which reduces reaction efficiency even when spacer homology is maintained. Two features of the wild-type FRT sequence, which are required for full reaction efficiency, are polypyrimidine tracts surrounding each cleavage point and a high A+T content in the spacer (43) .
This report focuses on the mechanism of strand exchange in the FLP site-specific recombination system, showing the existence of chi structures and their resolution to products by FLP protein. They are generated in reactions with the wild-type substrate and are seen in relatively high concentrations from substrates containing spacer alterations. This finding has permitted the characterization of these structures by electron microscopy, defining them as true Holliday structures (44) . Some novel "Y," or three-armed, structures are identified, as well as products of double-strand cleavage events. These by-products probably arise from aberrant pathways for Holliday junction formation and resolution.
MATERIALS AND METHODS
Materials. FLP protein was prepared by ion-exchange and affinity chromatography according to a published procedure (31) . Protein concentrations were measured by the method of Bradford (6) . The FLP protein in the preparation used in this study is 85% of total protein, according to densitometric scanning of a polyacrylamide gel. The degree of purity was multiplied by the total protein concentration (0.148 mg/ml) to obtain the molarity of FLP protein (1.62 ,uM). Plasmid DNA was purified by banding twice in ethidium bromide-cesium chloride gradients. Restriction enzymes were purchased from New England BioLabs, Inc. All reagents were of analytical grade and were purchased from common vendors.
Substrates. A diagram of the recombination reaction is found in Fig. 1 along with a sequence comparison among the FRT sites used in this study. Plasmid constructions containing FRT sites have been described previously (38, 39, 43) . Each FRT site was inserted into the plasmid pXF3, which is in turn a derivative of pBR322 (29) Computer-assisted length measurements were made from electron monographs by tracing and recording on a semiautomatic digitizer, as described previously (28 Figure 1 illustrates the general assay used for all experiments in this study. The assay is designed to generate product molecules which differ in size from the substrates. Figure 1A outlines a reaction between FRT sites containing asymmetric spacers. Only a parallel, homologous alignment of DNA substrates is permitted due to asymmetry within the spacer sequence. For all substrates, the parallel orientation is defined as that in which sequences flanking the FRT Fig. 1C .
FLP-mediated recombination reactions using these four different substrates are shown in Fig. 2 . Most of the DNA species evident in this gel will be described below. Lanes 4 to 6 show reactions of substrates with symmetrical spacers. In lane 4 is a reaction of pJFS39 linearized with Pstl. Several bands can be seen besides the normal substrate and products, including one labeled X on the left-hand side of the figure. Two bands which migrate faster than the substrate are labeled DSCP. In lanes 5 and 6 the substrate pSWU12 was employed. The 8-bp spacer in this site is symmetrical, and products of the reaction are identical in size to those of pJFS39. However, this mutant FRT site reacts six times more slowly than does pJFS39 (44 7 bp but is otherwise the same as wild type. The X band formed during this reaction is much more abundant than the corresponding band of the wild-type pJFS36 reaction, despite the fact that product formation is much slower (data not shown). Unlabeled bands of slower mobility than X will not be dealt with in this report.
The X bands are Holliday intermediates. The DNA labeled X in Fig. 2 , lanes 4 and 6, was removed from the preparative gels and prepared for electron microscopy. Electron micrographs of this DNA showed numerous chi structures. DNA isolated from band X of the PstI-cut pJFS39 reaction was spread in its native state (Fig. 3a) . In two separate isolations from excised gel bands, chi structures were 89% of 157 molecules counted and 55% of 143 molecules counted. Similarly, after band isolation chi structures from supercoiled pSWU12 represented 68% of the 235 molecules counted (Fig. 3b) . These samples also contained a low proportion of Y structures (c7%, see below). Chi structures were also observed in the unfractionated reaction mixtures, with 5% of 1,619 molecules for linear pJFS39 and 4% of 820 molecules for supercoiled pSWU12. In all cases, linear DNA molecules accounted for the majority of other species on the grid. The linear molecules are assumed to result from both the instability of the chi structures and the background DNA in the gel lane. In the case of unfractionated reaction samples, the major species were product and substrate molecules.
Measurements of the arm lengths generated from 85 pSWU12 chi molecules showed that the junction occurs at a unique position. Each arm was measured, and the length distribution was plotted as shown in the histogram (Fig. 4) . The short and long arms are portrayed by the left (755 + 40 bp) and the right (2,066 + 79 bp) peaks, respectively. The length distributions are sharp and correspond well with the predicted arm lengths of 772 and 2,049 bp. From this we conclude that formation of the chi junction is site specific and occurs at the FRT recombination site.
If these molecules are subjected to the appropriate partial denaturing conditions before electron microscopy (see Ma- terials and Methods), the junction becomes preferentially denatured and reveals the state of strand continuity within the junction (Fig. 3d and e) . Under these conditions, two A+T-rich regions within each substrate also denature to form bubbles at positions 183 (AT1) and 1,678 (AT2) bp on either side of the junction. The A+T-rich region of the short arm is close enough to the FRT site that the denaturation bubble frequently merges with the denatured chi junction. The conserved distance between the A+T-rich sites and the junction is further evidence that the junction occurs specifically at the FRT site.
Two important facts emerge from observations of these partially denatured molecules. The first is that there is complete strand continuity within the junction. Of 85 denatured chi structures characterized, 94% were covalently closed, with the remaining 6% broken in one strand at the junction. This is consistent with a Holliday mechanism, in which one strand of each substrate is cleaved and must be subsequently ligated to the homologous strand of the opposing substrate. With this method, we can distinguish between intact junctions and junctions possessing single nicks. Junctions with two nicks would not survive sample preparation, because spontaneous branch migration of the junction toward the two nicks would yield two linear, dissociated molecules.
The second fact is that, due to this continuity, the orientation in which the substrates were aligned at the time the initial strand exchange event occurred can be observed. This is revealed by the order in which the four double-strand arms are connected around the single-strand junction. In Fig. 5 Fig.   5 . From the present experiments we cannot determine if the rotated open configuration is actually present in solution or is a result of denaturation and the manipulations involved in the preparative procedure for electron microscopy. Regardless of this ambiguity, these structures still portray the strand continuity within the junction. Similar open configurations were also observed in lambda recombination intermediates (44) .
The Holliday structures characterized thus far were isolated from reactions of substrates containing mutant spacers. To determine whether a Holliday intermediate is also operative in the wild-type reaction, the band labeled X from a pJFS36 reaction (Fig. 2, lane 7) was excised and observed by electron microscopy. Only 8% of the 317 molecules counted were actually chi structures of the type described above. The majority of the species (71%) were three-armed molecules in which all three arms were of different lengths. We reasoned that if a Holliday junction were unstable when the flanking DNA was homologous, the junction could move to the end of one substrate by branch migration. It would remain at an interior position with respect to the partner substrate (Fig.  SC) . If one arm is the length of a full substrate molecule, and the sum of the lengths of the two remaining arms are equal to the length of the first, arm lengths of 1,068, 1,753, and 2,821 bp would be predicted. The arm lengths of 32 molecules were measured and found to be 1,080 + 50, 1,740 ± 80, and 2,820 ± 96 bp, well within the range of predicted values. These structures were partially denatured in order to examine the junction for strand continuity. All partially denatured junctions contained a single strand break. This lack of continuity is consistent with a Holliday junction migrating to the end of one linear duplex DNA molecule. We believe most migrations outside the spacer occur after sodium dodecyl sulfate denaturation of FLP protein. The characteristics of these structures indicate they are vestiges of Holliday intermediates which are unstable during isolation due to extended flanking regions of homology. Their presence provides evidence that Holliday structures are generated in reactions with wild-type substrates. These three-armed structures are not the same as the Y structures described below (see Fig. 8 ).
When band X was excised and characterized from a reaction of mutant (pJFS35r) x wild-type (pJFS36) substrates (Fig. 2, lane 8) , only 15% of 261 molecules counted were the three-armed structures identified in the wild-type reaction. Chi structures represented 64% of the molecules in the sample. This is much higher than expected since the spacers are asymmetric and flanking DNA is in homologous alignment. After partial denaturation, 100% of 44 molecules examined were derived from reactions between substrates in parallel alignment. This finding suggests that the single spacer mismatch in this cross (a deletion of 1 bp in pJFS35r) stabilizes the chi structure.
Evidence that chi structures are reaction intermediates. The appearance of Holliday structures is always observed previous to or concurrent with the appearance of recombination Isolated chi structures were tested for FLP protein-dependent resolution to product (Fig. 7) . After reaction of Sall-cut pJFS39 with FLP protein followed by termination of the reaction with sodium dodecyl sulfate, the chi structure was separated from FLP protein and other DNA species by agarose gel electrophoresis. It was isolated from the excised gel band and introduced to reaction mixtures without (Fig.  7A, lanes 3 and 4) or with (lanes 5 to 7) newly added FLP protein. Figure 7A, DSCPs, which are shown below to accumulate in this reaction, are detected in these lanes. Aliquots from the reaction mixture to which FLP protein was added were taken at 2, 5, and 60 min and are shown in lanes 5 to 7.
Increased prominence of product-and substrate-sized bands can be seen, along with a decrease in chi structure relative to samples in which no FLP protein was added. However, some isolated chi structure persists in the presence of FLP protein. This is probably due to repeated turnover of the products formed, resulting from the very high FLP protein concentration used in this experiment. DSCPs can be seen to accumulate, suggesting that the reaction is actively turning over (see Fig. 9 ). If the reaction is at steady state, Holliday intermediates should represent a constant fraction of the DNA molecules, because they would be continually formed and resolved. However, we cannot determine the proportion of isolated chi structures that have taken on nonreactive conformations under these reaction conditions. To determine the proportion of remaining chi structures in Fig. 7A that were nonreactive, chi structures were resolved to products under conditions which would minimize reaction turnover (Fig. 7B) . Chi structures generated with PstI-cut pJFS39 were isolated as described above and reacted without (lane 1) or with (lanes 2 to 8) newly added FLP protein. PEG, glycerol, and BSA were omitted from the resolution reaction mixtures. At low FLP concentrations (lanes 2 to 4), little or no significant resolution of chi structure is detected over background. As the FLP protein concentration is increased (lanes 5 to 8), complete resolution of the chi structures to recombination product-and substrate-sized molecules is seen. All chi structures are therefore reactive. This experiment was performed in parallel with reaction mixtures that included PEG, glycerol, and BSA, and steadystate levels of chi structure were again present at all FLP protein concentrations (data not shown). This result supports the idea that the residual chi structures seen in Fig. 7A , lanes 5 to 7, are the result of steady-state turnover of the reaction. A high proportion of isolated Holliday intermediates are reactive and chemically competent for conversion to recombination products.
Additional structures formed during recombination. Reactions of supercoiled pSWU12 produce two DNA species that are labeled Y (Fig. 2, lane 6) . The DNA from each band was isolated and prepared for electron microscopy. Electron micrographs showed many jointed molecules with three arms, thus designated Y structures. DNA in the lower Y band contained 52% Y structures of the 363 DNA molecules counted (Fig. 8A) . All had one long arm and two short arms (SSL). When DNA in the upper Y band was examined, 70% of 189 molecules counted were Y structures, 100% of which had two long arms and one short arm (LLS).
The lengths of the arms of 99 SSL and 91 LLS Y structures were measured. The lengths of arms in both structures were 2,065 + 56 bp and 756 + 28 bp for long and short arms, respectively. Data peaks were as sharp as those of the histogram shown in Fig. 4 (data not shown) . The measured arm lengths are in agreement with the predicted arm lengths of 2,049 and 772 bp pairs from PstI-digested substrates. The arm lengths are also in agreement with those of a chi structure, but with one arm missing. This shows that the junction of the Y structure is located at the FRT recombination site. The junction location and the missing DNA arm place these Y structures in a different category from the three-armed molecules identified in the wild-type (pJFS36) reaction.
The Y structures in an unfractionated reaction of supercoiled pSWU12 are 14% of 820 molecules counted. In a separate count of 479 Y structures, 45% were LLS and the remaining 55% were SSL. This reflects an approximate 50:50 distribution between the two species, suggesting that choice of which arm to delete is random. With supercoiled pSWU12 DNA, this relative distribution is not altered over a 24-h reaction period. The LLS and SSL Y structures appear slightly later than the chi structure band in time courses (data not shown). Y structures are also found in reactions of PstI-cut pJFS39 DNA, but only in small amounts, and the abundance changes with time. Reactions of pJFS39 terminated at 30 min contain less than 1% LLS and SSL Y structures. However after several hours of reaction, a pronounced LLS Y band appears (see Fig. 9 ). Electron microscopy after band isolation confirms this to be an LLS Y structure. An SSL Y structure was not resolved in this experiment.
Partial denaturation of both LLS and SSL Y structures opens the junction of the three arms as well as the A+T-rich regions, as shown (Fig. 8c to g ). The majority of denatured junctions (90% of 91 molecules) show covalent continuity, with only a few junctions (10%) showing evidence of strand breakage.
Two DNA species, which electrophoretically migrate faster than the substrate, are products of double-strand cleavage events (labeled DSCP, Fig. 2 Sci. USA, in press). Substrates possessing mutations in the spacer which make the spacer symmetrical (pJFS39 and pSWU12) permit the reaction to occur with substrates aligned in either of the two possible orientations. The Holliday structures characterized here are those involving antiparallel alignment of substrates. Unlike those from the parallel reaction, these are stable after removal of FLP protein, because branch migration is restricted by nonhomologous sequences flanking the FRT sites. From currently available data, we are not able to assign quantitative or mechanistic significance to the differences in steady-state chi structure levels among substrates bearing different spacer sequences.
In reaction experiments with the substrate pSWU12, the appearance of reaction intermediates and by-products is also affected by substrate topology. This FRT site has four base-pair changes in the spacer (relative to pJFS39) that reduce recombination efficiency. Linear pSWU12 substrates produce chi forms at much reduced levels relative to pJFS39. However, the appearance of chi structures is greatly enhanced when pSWU12 is supercoiled. In contrast, supercoiled pJFS39 does not show an increase in chi structures over linear pJFS39 in FLP reactions (data not shown). (24) .
DSCPs might also be generated as part of the formation of Y structures. This second pathway involves improper resolution of the chi structure. A model for their coupled formation is shown in Fig. 10 (33, 37) .
The reason for the increased appearance of Y structures and DSCPs on substrates containing symmetrical spacers remains unexplained. One clue may be the structure of the Holliday junction which, as has been recently suggested, would be expected to influence resolving enzymes (8) .
Complete base asymmetry around the junction causes a sequence-dependent structure which is nonplanar, has nonequivalent bending angles between the arms, and cannot freely interchange strands (8) . Although it is difficult to accurately predict the structure of a symmetrical junction, three possible conformations for a sequence-independent chi junction would include tetrahedral, planar-tetragonal, or completely flexible structures (8) . With any of these conformations it would be difficult for a recombinase to accurately choose a cleavage site on the basis of DNA structure. The differences between pJFS36, pJFS39, and pSWU12 in the generation of Y structures and DSCPs may indicate that FLP protein is influenced by sequence-dependent structures at the chi junction.
The case for Holliday structures as reaction intermediates for the integrase family of recombinases is growing (17, 26, 35) . However, no explanation for the observed generation of DSCPs, which had been cited as evidence for the cohesiveend formation model, has been offered. Evidence put forth in this report suggests a side pathway which allows DSCPs to be formed without contradicting the evidence that Holliday structures are mechanistic intermediates. The presence of chi structures as detailed in this study is strongly indicative of a Holliday mechanism for site-specific recombination by FLP protein.
